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ULTRASOUNDTRANSMITTER WITH 
VOLTAGE-CONTROLLED RISE/FALL TIME 

VARATION 

BACKGROUND OF THE INVENTION 

This invention generally relates to integrated circuitry for 
use in conjunction with ultrasound transducer elements. In 
particular, the invention relates to ultrasound transmit 
application-specific integrated circuits (ASICs) for use in 
ultrasound imaging Systems. 
A medical ultrasound imaging System forms an image by 

acquiring individual ultrasound lines (or beams). The lines 
are adjacent to each other and cover the target area to be 
imaged. Each line is formed by transmitting an ultrasonic 
pulse in a particular spatial direction and receiving the 
reflected echoes from that direction. The Spatial character 
istics of the transmitted wave and the characteristics of the 
receive Sensitivity determine the quality of the ultrasound 
image. It is desirable that the ultrasound line gathers target 
information only from the intended direction and ignores 
targets at other directions. 

Conventional ultrasound imaging Systems comprise an 
array of ultrasonic transducer elements that are used to 
transmit an ultrasound beam and then receive the reflected 
beam from the object being Studied. Such Scanning com 
prises a Series of measurements in which the focused ultra 
Sonic wave is transmitted, the System Switches to receive 
mode after a short time interval, and the reflected ultrasonic 
wave is received, beam formed and processed for display. 
Typically, transmission and reception are focused in the 
Same direction during each measurement to acquire data 
from a Series of points along an acoustic beam or Scan line. 
The receiver is dynamically focused at a Succession of 
ranges along the Scan line as the reflected ultrasonic waves 
are received. 

For ultrasound imaging, the array typically has a multi 
plicity of transducer elements arranged in one or more rows 
and driven with Separate Voltages. By Selecting the time 
delay (or phase) and amplitude of the applied voltages, the 
individual transducer elements in a given row can be con 
trolled to produce ultrasonic waves that combine to form a 
net ultraSonic wave that travels along a preferred vector 
direction and is focused in a Selected Zone along the beam. 

The same principles apply when the transducer probe is 
employed to receive the reflected Sound in a receive mode. 
The Voltages produced at the receiving transducer elements 
are Summed So that the net Signal is indicative of the 
ultrasound reflected from a Single focal Zone in the object. 
AS with the transmission mode, this focused reception of the 
ultraSonic energy is achieved by imparting Separate time 
delay (and/or phase shifts) and gains to the Signal from each 
receiving transducer element. The time delays are adjusted 
with increasing depth of the returned Signal to provide 
dynamic focusing on receive. 

The quality or resolution of the image formed is partly a 
function of the number of transducer elements that respec 
tively constitute the transmit and receive apertures of the 
transducer array. Accordingly, to achieve high image quality, 
a large number of transducer elements is desirable for both 
two- and three-dimensional imaging applications. The ultra 
Sound transducer elements are typically located in a hand 
held transducer probe that is connected by a flexible cable to 
an electronicS unit that processes the transducer Signals and 
generates ultrasound images. The transducer probe may 
carry both ultrasound transmit circuitry and ultrasound 
receive circuitry. 
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2 
It is known to include high-voltage components in the 

transmit circuitry to drive the individual ultrasound trans 
ducer elements, while low-voltage, high-density digital 
logic circuitry is used to provide transmit Signals to the 
high-voltage drivers. The high-voltage drivers typically 
operate at Voltages of up to approximately 100 volts, while 
the low-voltage logic circuitry has an operating Voltage on 
the order of 5 volts in the case of TTL logic. The high 
Voltage driverS may be fabricated as discrete components or 
as integrated circuits, while the low-voltage logic circuitry 
may be fabricated as a separate integrated circuit or com 
bined with the high-voltage circuitry on a single chip. In 
addition to transmit circuitry including the high-voltage 
drivers and low-voltage logic circuitry, the transducer head 
may include low-noise, low-voltage analog receive circuitry. 
The low-voltage receive circuitry, like the transmit logic 
circuitry, typically has an operating Voltage on the order of 
5 volts, and may be a separate integrated circuit or may be 
fabricated with the low-voltage transmit logic circuitry as a 
monolithic integrated circuit. 

In order to maximize the number of transducer elements 
to achieve high-quality ultrasound images, it is desirable to 
integrate as much circuitry as possible in as Small a volume 
as possible to reduce the size and complexity of the circuitry, 
whether the circuitry be located within a transducer probe or 
in an electronics unit Separate therefrom. In addition, Some 
applications, for example, very high-frequency ultrasound 
imaging, require that transmit circuitry be located as close as 
possible to the transducer elements to avoid Signal loading 
by a long cable. Therefore it has been proposed to integrate 
the aforementioned high-voltage drivers with either or both 
of the low-voltage transmit logic circuitry and the low 
Voltage receive circuitry as a monolithic integrated circuit. 

In typical high-voltage integrated circuit processes, varia 
tion of the transistor drain-Source current with processing 
can be as much as 1:2. This leads to Significant variation in 
the rise time of a high-voltage ultrasound transmitter Stage. 
This variation can yield distortions in the ultrasound image. 
The Standard way to mitigate this phenomenon is to design 
transistors that are twice as large as normal (twice the 
drain-Source current), and trim off until the desired drain 
Source current is attained. This leads to increased cost due to 
the need for trimming and larger die area. 

In ultrasound imaging, especially when used for echo 
cardiography, Second harmonic distortion leads to a decrease 
in Sensitivity of the System. Such distortion can be quantified 
by taking the Fourier spectrum of the transmitted Signal and 
measuring the magnitude of the peak that is the Second 
harmonic above the fundamental or transmit frequency. 

Lack of Symmetry between rise and fall times of the pulse 
edges is one Source of Second harmonic distortion. This 
effect can be mitigated by carefully matching the transistors 
used in the output Stage of the transmitter. Such matching is 
typically done either through trimming or by Sorting of 
discrete devices in Standard manufacturing practice. When 
using a monolithic transmitter however, Sorting of devices 
becomes more costly. 

There is a need for improved methods and devices for 
controlling the rise and fall times of the output pulse in an 
ultrasound transmitter integrated circuit. 

BRIEF DESCRIPTION OF THE INVENTION 

In an ultrasound transmit ASIC, the rise and fall times of 
the output pulse can be controlled by varying the gate-Source 
Voltage used to drive the output-stage transistors. The 
present invention effects control of the rise/fall times either 
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by trimming on-chip during fabrication or by changing the 
gate-Source Voltage that drives the output-stage transistors, 
either on-chip or off-chip. In all cases it will be necessary to 
first test the manufactured device to determine how much 
calibration Voltage needs to be applied: This testing may 
only need to be done once, but could also be done in 
operation for fine tuning as necessary. 

The invention provides the following advantages: (1) 
reducing anomalous variation in rise and fall times without 
requiring significant increased ASIC die area, which would 
ordinarily reduce System integration levels and make the 
device more costly, and (2) direct control of harmonic 
distortion in the output pulse through precise adjustment of 
pulse width. 
One aspect of the invention is a device comprising: an 

ultrasound transducer element and an integrated circuit that 
comprises: means for driving the ultrasound transducer 
element with a transmit pulse having a rise time and a fall 
time; and means for varying the rise or fall time of the 
transmit pulse. 

Another aspect of the invention is a method of driving an 
ultrasound transducer element in Selectable first and Second 
modes, comprising the following Steps: coupling the ultra 
Sound transducer element to an MOS transistor; in the first 
mode, turning on the MOS transistor using a first gate 
Source Voltage to produce a first transmit pulse having a first 
rise (or fall) time; and in a second mode, turning on the MOS 
transistor using a Second gate-Source Voltage different than 
the first gate-Source Voltage to produce a Second transmit 
pulse having a second rise (or fall) time different than the 
first rise (or fall) time. 
A further aspect of the invention is a device comprising: 

an ultrasound transducer element; a PMOS transistor and a 
NMOS transistor having their drains connected at a junction, 
the source of the PMOS transducer being connected to a first 
terminal at a first voltage level and the source of the NMOS 
transistor being connected to a Second terminal at a Second 
Voltage level lower than the first voltage level, the junction 
being electrically coupled to an input of the ultrasound 
transducer element; a first resistance disposed between the 
gate of the PMOS transistor and a (+) terminal of a first 
control Signal Voltage; a Second resistance disposed between 
the gate of the NMOS transistor and a (+) terminal of a 
Second control Signal Voltage; a third resistance disposed 
between a junction lying between the first resistance and the 
PMOS transistor and a third terminal at the first voltage 
level; and a fourth resistance disposed between a junction 
lying between the third resistance and the NMOS transistor 
and a fourth terminal at the Second Voltage level. 

Yet another aspect of the invention is a method of 
manufacturing the device described in the preceding 
paragraph, comprising the following Steps: calibrating the 
rise (or fall) time of a transmit pulse output from the junction 
of the drains of the PMOS and NMOS transistors to the 
ultrasound transducer element; and trimming the third resis 
tance so that the gate-source voltage of the PMOS transistor 
will produce a desired rise (or fall) time of the transmit 
pulse. 
A further aspect of the invention is a device comprising: 

an ultrasound transducer element; a PMOS transistor and a 
NMOS transistor having their drains connected at a junction, 
the source of the PMOS transducer being connected to a first 
terminal at a first voltage level and the source of the NMOS 
transistor being connected to a Second terminal at a Second 
Voltage level lower than the first voltage level, the junction 
being electrically coupled to an input of the ultrasound 
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4 
transducer element; a first logic driver for outputting a first 
logic Voltage; a Second logic driver for Outputting a Second 
logic Voltage, a first level shifter having an output connected 
to a gate of the PMOS transistor and an input coupled to the 
first logic driver; and a Second level shifter having an output 
connected to a gate of the NMOS transistor and an input 
coupled to the Second logic driver. 

Yet another aspect of the invention is a method for 
adjusting the duty cycle of an ultrasound transmit pulse 
output by an integrated circuit to an ultrasound transducer 
element, comprising the following Steps: calibrating the rise 
(or fall) times of ultrasound transmit pulses output by the 
integrated circuit as a function of a variable logic Voltage; 
and driving the integrated circuit with a logic Voltage that 
produces a transmit pulse having a desired rise (or fall) time. 

Another aspect of the invention is a device comprising: an 
ultrasound transducer element; a first PMOS transistor and 
a first NMOS transistor having their drains connected at a 
junction, the source of the first PMOS transistor being 
connected to a terminal at a first Voltage level and the Source 
of the first NMOS transistor being connected to a second 
terminal at a Second Voltage level lower than the first voltage 
level, the junction being electrically coupled to an input of 
the ultrasound transducer element; a second NMOS transis 
tor having a drain connected to the gate of the first PMOS 
transistor and having a Source connected to a terminal at a 
control Voltage level; and a digital-to-analog converter that 
Supplies the control Voltage level. 

Although the circuits disclosed hereinafter use a PMOS 
and NMOS device, this invention will also work with the 
following circuits: (i) a single PMOS device with a pull 
down resistor; (ii) a single NMOS device with a pull-up 
resistor; (iii) a NMOS/PMOS circuit with additional 
“clamp' transistors. In a bipolar transmitter, the output 
voltage Swings between positive and negative voltages (e.g., 
+80 V->-80 V) and then returns to 0 V. The return to 0 V 
is typically accomplished using a third NMOS transistor or 
PMOS transistor (or both) that pulls the output voltage back 
to 0 V. To control the harmonic distortion, it is advantageous 
to also control the rise (or fall) time of the pulse edge as it 
returns to 0 V, pulled by this “clamp' transistor. The inven 
tion could readily be used for this purpose. Further, different 
types of transistors (e.g., bipolar junction transistors) could 
also be used with this invention, although the circuitry 
would have to be modified. 

Other aspects of the invention are disclosed and claimed 
below. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a Schematic of a conventional ultrasound trans 
mitter configuration. 

FIG. 2 is a graph showing the output Voltage V to the 
ultrasound transducer element and the corresponding input 
voltages V and Vy respectively Supplied to the gates of a 
pair of output-stage transistors for the circuit depicted in 
FIG. 1. 

FIG. 3 is a graph of MOSFET drain-source current change 
due to Semiconductor proceSS Variations. 

FIG. 4 is a Schematic of an ideal capacitive load. 
FIG. 5 is a schematic of rise time determination for the 

ideal capacitive load depicted in FIG. 4. 
FIG. 6 is a Schematic of a logic Voltage-controlled rise 

time ultrasound transmitter configuration. 
FIG. 7 is a graph showing the output Voltage V to the 

ultrasound transducer element and the corresponding input 
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Voltages Vo and Vo respectively Supplied to the gates of 
a pair of output-stage transistors for the circuit depicted in 
FIG. 6. The dashed lines show variation of the rise/fall times 
of the output voltage V as a function of variation in the 
logic Voltage. 

didi 

FIG. 8 is a schematic of a resistor-controlled rise-time 
ultrasound transmitter configuration. 

FIG. 9 is a graph showing the output voltage V to the 
ultrasound transducer element and the corresponding input 
Voltages Vo and Vo respectively Supplied to the gates of 
a pair of output-stage transistors for the circuit depicted in 
FIG.8. The dashed lines show variation of the rise/fall times 
of the output voltage V as a function of variation in the 
trimmed resistance. 

FIGS. 10 and 11 are schematics showing respective 
portions of a DAC-controlled rise-time ultrasound transmit 
ter configuration. 

FIG. 12 is a graph showing the output Voltage V to the 
ultrasound transducer element and the corresponding input 
Voltages Vo and Vo respectively Supplied to the gates of 
a pair of output-stage transistors for the circuit depicted in 
FIGS. 10 and 11. The dashed lines show variation of the 
rise/fall times of the output voltage V as a function of 
variation in the DAC 

FIG. 13 is a graph showing the rise time as a function of 
the gate control Voltage derived by computer simulation. 

didi 

FIG. 14 is a graph showing the Fourier spectra for the 
pulses simulated in FIG. 13. 

FIG. 15 is a graph showing the duty cycle for the pulses 
simulated in FIG. 13. 

DETAILED DESCRIPTION OF THE 
INVENTION 

At the outset it should be noted that the connections to 
ground shown in the drawings are simplifications. In each of 
the embodiments disclosed herein, the ground terminal is 
likely to be connected to a negative Voltage which is often 
called V. While it is simplest to show this as ground and 
in Some cases (called “unipolar transmitters) this is in fact 
the case, the majority of ultrasound machines today use 
“bipolar transmitters. In a bipolar transmitter, the source of 
the NMOS device is connected to a voltage that is usually 
the negative opposite of the source of the PMOS. So for 
example, we might have V=+80 V and V=-80 V. 

The high-voltage ultrasound transmitter circuit consists of 
a high-voltage high-current output Stage that is controlled by 
a low-current intermediate Stage. The intermediate Stage 
typically drives the gates of the output transistors 5 to 10 V 
greater (NMOS) or less than (PMOS) the high-voltage 
Supply. The rise time is directly related to the drain-Source 
current when driving the ultrasound transducer, which is 
principally a capacitive load. This is because the drain 
Source current Sets the maximum drive current that is used 
to drive the transducer capacitance directly. The drain 
Source current in turn is a function of the gate-Source Voltage 
(as well as other parameters not used here). Therefore, the 
drain-Source current can be controlled by changing the 
gate-Source Voltage that is used by the intermediate drive 
Stage to turn on the transistors in the output Stage. For 
example, if the rise time is found to be too long in a 
particular device, it can be reduced by increasing the gate 
Source Voltage that is driven by the intermediate Stage to turn 
on the output transistor. 

The present invention can be applied either during manu 
facture of the device through resistor trimming or during use 
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6 
of the device by trimming a Supply Voltage. Additionally, an 
on-chip DAC could be used in a similar fashion to adjust the 
desired rise/fall times. In all cases it will be necessary to first 
test the manufactured device to determine how much cali 
bration Voltage needs to be applied: This testing may only 
need to be done once. 

FIG. 1 is a Schematic depicting a Standard ultrasound 
transmitter configuration for one ultrasound transducer ele 
ment. Each element in an ultrasound transducer array can be 
driven by a respective ultrasound transmitter having the 
configuration shown in FIG. 1. The ultrasound transducer 
element 10 is driven by the voltage V output from a 
junction connecting the drain of a PMOS transistor 12 to the 
drain of an NMOS transistor 14. The Source of PMOS 
transistor 12 is connected to a terminal at potential V, 
while the Source of NMOS transistor 14 is connected to 
ground. The gate of PMOS transistor 12 has a control signal 
voltage V applied thereto, while the gate of NMOS tran 
Sistor 14 has a control signal voltage V applied thereto. For 
the Sake of illustration, FIG. 2 depicts the input and output 
Voltages for the case wherein the gates of the output tran 
sistors 12 and 14 are respectively driven 5 V less than the 
high-voltage Supply V, and 5 V greater than ground. When 
the control voltage V input to the gate of transistor 12 falls 
by 5 V, then the transistor 12 is turned on and V to the 
ultrasound transducer element rises from 0 to V. Later 
when the control Voltage V input to the gate of transistor 14 
rises to 5 V, the transistor 14 is turned on and the voltage 
level V to the ultrasound transducer element falls from 
V to 0. The drain-source current I for the PMOS 
transistor (indicated by an arrow in FIG. 1) flows out of the 
PMOS drain into the transducer. The drain-source current 
I for the NMOS transistor flows from the transducer back 
into the NMOS drain. Thus the current flowing into the 
ultrasound transducer element 10 comes from the MOSFETs 
and can be individually controlled on the rising and falling 
edges of the output pulse. 

FIG. 3 shows a graph illustrating how MOSFET drain 
Source current It is affected by Semiconductor process 
variation. The graph plots three curves of I with respect to 
gate-source voltage (V): "Slow" corresponds to devices 
that come from a lot in which I is less than the nominal 
expected value, “Fast corresponds to devices that come 
from a lot in which I is greater than the nominal expected 
value; and "Nom corresponds to devices where I is the 
nominal value. 

In the nominal case, as can be seen on the graph, a 
gate-Source voltage V will produce a drain-Source current 
I (node “a”). Typically, a circuit will be designed to 
provide voltage V at the MOSFET gate regardless of 
process variation. In this case, in a slow lot, the desired I 
value would instead translate to I as shown (node “c”). 
Similarly, a fast lot would show a value of I (node “b”) 
when V is applied to the MOSFET gate. 

Taking these curves, it can be seen that I can be “tuned' 
by adjusting the gate-Source Voltage until the desired I 
value is obtained. For example, as shown in FIG. 3, a slow 
lot can be tuned back to I (node “c”) from I (node “c”) 
by increasing V up to V2. Similarly, a fast lot can be 
tuned back to I (node “b”) from I (node “b”) by 
adjusting V back to Vs. 

In this way, it is possible to tune out the effects of process 
variations either during manufacture or during device opera 
tion provided that the desired operating point is known, and 
the actual operating point can be measured. 

FIG. 4 is a Schematic showing an ideal capacitance C 
being charged with an ideal constant current I to the Voltage 
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V with respect to ground. This capacitance models the bulk 
transducer capacitance, which accounts for the majority of 
the load seen by the transducer driver. The current and 
Voltage of the capacitance are related by the following 
differential equation: 

Rearranging terms shows that: 

At = C 

This means that for a given required rise time At, the current 
I needed to charge the capacitance to a required Voltage AV 
is readily determined. Provided that the current can be 
controlled directly, the rise time can be controlled also. 

In accordance with one embodiment of the invention 
shown in FIG. 6, the rise and/or fall times are trimmed by 
changing the control voltage off-chip. Referring to FIG. 6, 
the ultrasound transducer element 10 is driven by the voltage 
V output from a junction connecting the drain of a PMOS 
transistor 12 to the drain of an NMOS transistor 14. The 
Source of PMOS transistor 12 is connected to a terminal at 
potential V, while the source of NMOS transistor 14 is 
connected to ground. The gate of PMOS transistor 12 has a 
control voltage V applied thereto by a level shifter 18, 
while the gate of NMOS transistor 14 has a control voltage 
Vo applied thereto by a level shifter 22. 
A “level shifter is a circuit that takes a pulse or control 

voltage of one value and translates it to a higher (or lower 
voltage). For example, one might have a TTL level pulse that 
begins at 0 V, pulses high to 3.3 V for a few microseconds 
and then drops back to 0 V. To control a PMOS device that 
is biased with its source up at 50 V with this TTL level pulse, 
Some way of translating the OV/3.3V/OV pulse up to a level 
of 50V/46.7V/50V is needed. This is typically done using an 
NMOS transistor that has a PMOS transistor as its load, 
which is diode-connected. One could also use a resistor in 
place of the PMOS transistor. When the NMOS transistor is 
turned on by the TTL level pulse, it pulls current through the 
PMOS transistor, which causes the voltage at the PMOS gate 
to drop from 50 V down to the desired control voltage (say 
down to 46.7V). The output of the level shifter is the voltage 
at the PMOS gate, which is then fed to the other devices that 
need to be controlled. 

In the embodiment shown in FIG. 6, the control voltage 
input to level shifter 18 is supplied by the logic (digital) 
driver 16, while the control voltage input to level shifter 21 
is supplied by the logic (digital) driver 20. The digital drivers 
are typically inverters. The Supply Voltage to each "inverter 
can be reduced independently, in which case the output of 
the inverter (i.e., the “control” Voltage) will follow. The 
basic concept is to change the control Voltages Vo and Vo 
Supplied to the gates of the transistorS 12 and 14 respec 
tively. It is important to note that Vo can be changed 
independently of Vo. This capability is important because 
Vo drives PMOS transistors and Vo drives NMOS 
transistors, and these devices change their characteristics 
differently with respect to Semiconductor process variation. 
Therefore the rise and fall times can be adjusted indepen 
dently. 
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8 
FIG. 7 is a graph showing the output Voltage V to the 

ultrasound transducer element and the corresponding input 
Voltages Vo and Vo respectively Supplied to the gates of 
output-stage transistorS 12 and 14 of the circuit depicted in 
FIG. 6 for a given variation in the logic Voltage. For the Sake 
of illustration, FIG. 7 depicts the input and output voltages 
for the case wherein the gates of the output transistorS 12 and 
14 are respectively driven lower than the high-voltage 
Supply V by a Voltage V, and driven higher than 
ground by the same Voltage V. The Solid lines repre 
sent the case where V, -5 V (which is analogous to the 
Scenario depicted in FIG. 2) and the dashed lines represent 
the case where V, -2.5 V (i.e., wherein the control 
Voltage Supplied to the gates of transistorS 12 and 14 are 
adjusted). AS can be seen in the graph of V in FIG. 7, the 
foregoing decrease in the logic Voltage causes a decrease in 
the rise and fall times, as indicated by dashed lines. By 
adjusting the logic Voltage V, independently, Semicon 
ductor process variations can be compensated for. In 
particular, the logic Voltages can be “tuned” to precisely the 
correct values for Suppressing the Second harmonic peak in 
the transmitted ultrasound beam. Tuning the logic Voltage 
changes the Slope of the pulse rising edge, which in turn 
enables a controlled minute change in the pulse duty cycle. 

In accordance with another embodiment of the invention 
shown in FIG. 8, the rise and/or fall times are trimmed by 
changing the control Voltage by changing the control Voltage 
on-chip using trimmed resistors. The resistors are trimmed 
during fabrication to the extent needed based on the results 
of calibration. 
To allow for negative and positive adjustment of the rise 

and fall times, two methods can be used. The first method is 
“biased trimming”. In this case the nominal value of the 
resistors (without trimming) is designed Such that a nominal 
device without trimming will have a rise time that is greater 
than the desired value. To achieve nominal operation, these 
devices are trimmed down to the desired nominal Vlaue. 
Devices that, as fabricated, would have fast rise times 
(disregarding the trim State) are trimmed even further Such 
that they reach the desired nominal rise time. Those devices 
that would have slow rise times are not trimmed Since the 
resistor network is biased to yield faster rise times without 
trimming. 
The second method is “selected resistor trimming”. In this 

case both resistors in the network between the drive signal 
and the MOSFET gate are trimmed. So referring to FIG. 8, 
to adjust the rise time to be faster, the resistor R would be 
trimmed, whereas to adjust the rise time to be slower, the 
resistor R would be trimmed instead. 

It is further understood that while trimming can be 
effected during manufacture using laser trimmed resistors or 
Zener taps, it can also be done using programming of 
nonvolatile control Voltages and the use of controlled resis 
tors such as MOSFETs or JFETs in place of Ro and R. 
in FIG.8. Such trimming of controlled resistors can be done 
during System operation either periodically (e.g., on power 
up) or continuously to account for drift in rise time mismatch 
due to temperature variations. Finally, the resistor Ro could 
also be replaced with a capacitor and both dynamically 
variable capacitors or MOSFET-Switched capacitor net 
works could be used to effect trimming of the control 
Voltages. 

Referring to FIG. 8, the ultrasound transducer element 10 
is driven by the Voltage V output from a junction con 
necting the drain of a PMOS transistor 12 to the drain of an 
NMOS transistor 14. The Source of PMOS transistor 12 is 
connected to a terminal at a potential V, while the Source 
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of NMOS transistor 14 is connected to ground. A resistance 
Ro is placed between the gate of transistor 12 and the (+) 
terminal of the control Signal Voltage V, and a trim resis 
tance R is placed between a terminal at the Voltage V, 
and a junction located between the resistance Ro and the gate 
of transistor 12. Similarly, a resistance R is placed between 
the gate of transistor 14 and the (+) terminal of the control 
Signal Voltage V, and a trim resistance R is placed 
between a terminal at ground potential and a junction 
located between the resistance Ro and the gate of transistor 
14. AS previously mentioned, the respective trim resistances 
can be different, but for the example depicted in FIG. 9, the 
trim resistances R are equal. In accordance With this 
arrangement, when the control voltage V is decreased, the 
drop in Voltage V will be a function of the trim resistance 
R. Likewise when the control Voltage V is increased, 
the rise in Voltage Vo will be a function of the trim 
resistance R. FIG. 9 shows two cases: (1) the case where 
R = 10R (indicated by Solid lines); and (2) the case 
where R=Ro (indicated by dashed lines). AS can be seen 
in the graph of V in FIG. 9, the foregoing decrease in the 
trim resistance from 10R to Ro causes a decrease in the rise 
and fall times, as indicated by dashed lines. Thus, the rise 
and fall times of the transmit pulses can be adjusted during 
fabrication by trimming the resistances R to the appro 
priate value or values, the latter being a function of the 
results of calibration of the ultrasound transmit integrated 
circuit. 
A variation of the embodiment shown in FIG.8 would use 

level shifters between the resistor network and the 
MOSFETs, with the resistors being biased at logic voltages 
instead of V. This would allow for the use of low-voltage 
resistors. In Semiconductor processes, high-voltage inte 
grated resistors are much larger than low-voltage ones and 
are often unavailable. 

In accordance with yet another embodiment of the inven 
tion shown in FIGS. 10 and 11, the rise and/or fall times are 
trimmed by changing the control Voltage on-chip by digital 
control using a digital-to-analog converter (DAC). Referring 
to FIG. 10, the ultrasound transducer element 10 is driven 
(as in the previous examples) by the Voltage V output 
from a junction connecting the drain of a PMOS transistor 
12 to the drain of an NMOS transistor 14. The Source of 
PMOS transistor 12 is connected to a terminal at potential 
V, while the source of NMOS transistor 14 is connected to 
ground. The gate of PMOS transistor 12 is connected to the 
drain of an NMOS transistor 26, while the gate of NMOS 
transistor 14 is connected to the drain of a PMOS transistor 
24. The control voltage at the gate of PMOS transistor 12 is 
designated Vo, while the control voltage at the gate of 
NMOS transistor 14 is designated Vo. A resistance Rn, 
is connected at one end to a junction between the gate of 
PMOS transistor 12 and the drain of NMOS transistor 26, 
and at the other end to a terminal at the potential V. A 
resistance Rn is connected at one end to a junction 
between the gate of NMOS transistor 14 and the drain of 
PMOS transistor 24, and at the other end to ground. The gate 
of PMOS transistor 24 is in turn connected to the output of 
a level shifter 18, while the gate of NMOS transistor 26 is 
in turn connected to the output of a level shifter 22. 
Meanwhile the Source of PMOS transistor 24 is connected to 
a potential V, , while the Source of NMOS transistor 26 
is connected to a potential V.A. e. The input of the level 
shifter 18 is connected to the (+) terminal of a control signal 
voltage V, while the input of the level shifter 22 is 
connected to the (+) terminal of a control Signal voltage V. 

The potentials Vac and Viac p, to which the Sources 
of transistorS 24 and 26 are respectively connected, are 

15 

25 

35 

40 

45 

50 

55 

60 

65 

10 
independently programmable via the arrangement shown in 
FIG. 11, which arrangement forms part of the integrated 
circuit depicted in FIG. 10. ADAC 30 outputs the voltage 
level Via Av in response to the input of a corresponding 
digital value from a DAC N register 28, while a DAC 34 
outputs the Voltage level V.A. in response to the input of 
a corresponding digital value from a DAC P register 32. 
The digital values in registers DAC N and DAC P are 
inputted via a programming bus 36. It should be further 
understood that for a plurality of channels, it is possible to 
use a unique DAC for each channel on both the NMOS and 
PMOS devices for fine control of variation in the rise and 
fall times. 
A variation of the embodiment shown in FIG. 11 would 

use level shifters between the DACs and the V, we 
Voltages. While it is possible to construct high-voltage 
DACs, it would be cheaper to use low-voltage DACs and 
instead use level shifters to create the necessary high Volt 
ageS. 

FIG. 12 is a graph showing the output Voltage V to the 
ultrasound transducer element and the corresponding input 
Voltages Vo and Vo respectively Supplied to the gates of 
output-stage transistorS 12 and 14 of the circuit depicted in 
FIG. 10 for a given variation in the control voltage levels 
VA, v and V.A. P. For the Sake of illustration, FIG. 12 
depicts the input and output voltages for the case wherein 
Viac Av=V-Vac p=5 V (Solid lines) and for the case 
wherein V, w=V-V, r=2.5 V (dashed lines). For a 
given change in V, the gate control Voltage Vo Varies as 
a function of V, e, thereby allowing the rise time of the 
pulse in V to be selectively adjusted and controlled. 
Similarly, for a given change in Vy, the gate control voltage 
Vo Varies as a function of V.A. , thereby allowing the 
fall time of the pulse in V to be Selectively adjusted and 
controlled. By decreasing V, , the rise time of the 
transmit pulse can be increased, while by increasing 
V, w, the fall time of the transmit pulse can be increased. 
Again, this alternative arrangement makes it possible to 
compensate for Semiconductor process variations can be 
compensated for. 

In the disclosed embodiments, the output-stage transistors 
are preferably insulated-gate field-effect transistors (also 
known as MOSFETs). 

In addition to embodiments wherein the output-stage 
transistors of the transmitter configuration are connected to 
an ultrasound transducer element directly, the invention is 
equally applicable to the Situation wherein a transmit/receive 
Switch is placed between the output-stage transistors and the 
transducer element. The transmit/receive Switch is also 
connected to a low-voltage receive circuit. The transmit/ 
receive Switch has two States. In the transmit State, the 
transmit/receive Switch connects the output-stage transistors 
to the ultrasound transducer element, while isolating the 
receive circuit from the high-voltage transmit pulse. In the 
receive State, the transmit/receive Switch isolates the output 
Stage transistors from the ultrasound transducer element and 
instead connects the receive circuit. 

FIG. 13 shows a close-up of four pulse waveforms that are 
overlaid. These pulse waveforms were acquired by com 
puter simulation. The difference between the four pulse 
waveforms is that the gate control voltage V has been 
varied, the respective values being 6.8, 6.9, 7.0 and 8.0 V. 
This variation has changed the drive current, which in turn 
has changed the slope of the rising edge of the pulse. The 
change in the control Voltage was done using what was 
essentially the DAC method. However, the simulation could 
alternatively be run using the resistor method. 
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FIG. 14 shows the Fourier spectrum for the pulses in the 
plot in FIG. 13. As can be seen in FIG. 14, the second 
harmonic peak at 10 MHz is completely reduced when the 
control voltage is “tuned to exactly the right value (in this 
case 6.9 V). The second harmonic must be as low as possible 
in ultrasound imaging because it leads to distortion and 
reduction in Sensitivity. 

Tuning the gate control Voltage changes the slope of the 
pulse rising edge, which in turn produces a controlled 
minute change in the pulse duty cycle, as is shown by the 
plot in FIG. 15. It is the duty cycle that contributes to second 
harmonic distortion in these pulses. Ideally it should be as 
close to 50% as possible. With mismatched transistors (due 
to process variation), this can be off by quite a bit. Thus, 
using this method in Simulation, it was show that the Second 
harmonic is effectively nulled when the gate control Voltage 
is “tuned. 

While the invention has been described with reference to 
preferred embodiments, it will be understood by those 
skilled in the art that various changes may be made and 
equivalents may be substituted for elements thereof without 
departing from the Scope of the invention. In addition, many 
modifications may be made to adapt a particular situation to 
the teachings of the invention without departing from the 
essential scope thereof. Therefore it is intended that the 
invention not be limited to the particular embodiment dis 
closed as the best mode contemplated for carrying out this 
invention, but that the invention will include all embodi 
ments falling within the Scope of the appended claims. 
What is claimed is: 
1. A device comprising an ultrasound transducer element 

and an integrated circuit, said integrated circuit comprising 
means for driving Said ultrasound transducer element with a 
transmit pulse having a rise time and a fall time, and means 
for varying the rise or fall time of Said transmit pulse, 
wherein said driving means comprise a first PMOS transistor 
and a first NMOS transistor having their drains connected at 
a junction, the source of said first PMOS transistor being 
connected to a terminal at a first voltage level and the Source 
of said first NMOS transistor being connected to ground, 
Said junction being electrically coupled to an input of Said 
ultrasound transducer element, and Said time varying means 
comprise a Second NMOS transistor having a drain con 
nected to the gate of said first PMOS transistor and having 
a Source connected to a terminal at a first control Voltage 
level, and a first digital-to-analog converter that Supplies 
Said first control Voltage level. 

2. The device as recited in claim 1, further comprising a 
first level shifter having an output connected to a gate of Said 
second NMOS transistor and an input connected to a control 
Signal Voltage. 

3. An ultrasound transducer comprising a plurality of 
devices as recited in claim 1, Said ultrasound transducer 
elements being arranged to form an array. 

4. A device comprising an ultrasound transducer element 
and an integrated circuit, Said integrated circuit comprising 
means for driving Said ultrasound transducer element with a 
transmit pulse having a rise time and a fall time, and means 
for varying the rise and fall time of Said transmit pulse, 
wherein said driving means comprise a first PMOS transistor 
and a first NMOS transistor having their drains connected at 
a junction, the source of said first PMOS transistor being 
connected to a terminal at a first voltage level and the Source 
of said first NMOS transistor being connected to ground, 
Said junction being electrically coupled to an input of Said 
ultrasound transducer element, and Said time varying means 
comprise a Second NMOS transistor having a drain con 

12 
nected to the gate of said first PMOS transistor and having 
a Source connected to a terminal at a first control Voltage 
level, a first digital-to-analog converter that Supplies Said 
first control voltage level; a second PMOS transistor having 

5 a drain connected to the gate of said first NMOS transistor 
and having a Source connected to a terminal at a Second 
control Voltage level; and a Second digital-to-analog con 
verter that Supplies Said Second control Voltage level. 

5. The device as recited in claim 4, wherein said time 
10 varying means further comprises a first programmable reg 

ister connected to Said first digital-to-analog converter, and 
a Second programmable register connected to Said Second 
digital-to-analog converter. 

6. The device as recited in claim 4, wherein said first and 
15 Second control Voltage levels are different. 

7. The device as recited in claim 4, further comprising a 
first level shifter having an output connected to a gate of Said 
second NMOS transistor and an input connected to a first 
control Signal Voltage, and a Second level Shifter having an 

20 output connected to a gate of said second PMOS transistor 
and an input connected to a Second control Signal Voltage. 

8. A method for adjusting the duty cycle of an ultrasound 
transmit pulse output by an integrated circuit to an ultra 
Sound transducer element, comprising the following Steps: 

25 calibrating the rise times of ultrasound transmit pulses 
output by Said integrated circuit as a function of a 
Variable first logic Voltage; 

determining a Second Voltage that produces a desired rise 
time, and 

driving Said integrated circuit with Said Second logic 
Voltage to produce a transmit pulse having said desired 
rise time. 

9. The method as recited in claim 8, further comprising 
the following Steps: 35 

calibrating the fall times of Said ultrasound transmit 
pulses output by Said integrated circuit as a function of 
a variable third logic Voltage; 

determining a fourth Voltage that produces a desired fall 
40 time, and 

driving Said integrated circuit with Said fourth logic 
Voltage that causes said transmit pulse to fall with Said 
desired fall time. 

10. A device comprising: 
an ultrasound transducer element; 
a first PMOS transistor and a first NMOS transistor 

having their drains connected at a junction, the Source 
of said first PMOS transducer being connected to a first 
terminal at a first voltage level and the Source of Said 
first NMOS transistor being connected to a second 
terminal at a Second Voltage level less than Said first 
Voltage level, Said junction being electrically coupled 
to an input of Said ultrasound transducer element; 

50 

a second NMOS transistor having a drain connected to the 
gate of said first PMOS transistor and having a source 
connected to a third terminal at a first control Voltage 
level; and 

55 

a first digital-to-analog converter that Supplies Said first 
control Voltage level. 

11. The device as recited in claim 10, further comprising 
a first level Shifter having an output connected to a gate of 
said second NMOS transistor and an input connected to a 
control Signal Voltage. 

12. The device as recited in claim 10, further comprising 
a second PMOS transistor having a drain connected to the 
gate of said first NMOS transistor and having a source 

60 
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connected to a fourth terminal at a Second control Voltage 14. The device as recited in claim 12, wherein said first 
level, and a Second digital-to-analog converter that Supplies and Second control voltage levels are different. 
Said Second control Voltage level. 15.The device as recited in claim 13, wherein said 

13. The device as recited in claim 12, further comprising transistors, Said digital-to-analog converters and Said pro 
a first programmable register connected to Said first digital- 5 grammable registers form parts of an integrated circuit. 
to-analog converter, and a Second programmable register 
connected to Said Second digital-to-analog converter. k . . . . 


